Abstract Barium strontium titanate (BST) and iron doped barium strontium titanate (BSTF) ceramics with general formula (Ba 0.5 Sr 0.5 Ti 1-y Fe y O 3 ) and different iron (Fe) contents were prepared by slow rate injection sol-gel technique. The phase analysis, morphology and dielectric properties of BSTFs were investigated. The phase analysis was carried out using XRD which revealed the crystallization of BSTF in perovskite structure with single phase. The Fe doped BST peaks shifted toward higher angles and the calculated crystallite size was 19 nm on average. The BSTF morphology was studied using TEM which showed that the particle size was affected by Fe content. The average particle size was found to be 37 nm for (Ba 0.5 Sr 0.5 Ti 1-y Fe y O 3 ) with Fe concentration of (y = 0.01, 0.05 and 0.1) calcined at (600, 800 and 1000°C). The dielectric measurements were carried out using impedance analyzer at room temperature as a function of frequency in the range of 10 Hz to 1 MHz. The dielectric constant and dielectric loss of the 1 mol% Fe-doped Ba 0.5 Sr 0.5 TiO 3 at 1 kHz were 1453.69 and 0.0063, respectively. The BSTF ceramics with high dielectric constant and low dielectric loss were obtained for the application DRAM cell capacitor.
Introduction
Nowadays, the microelectronic industry is facing a great challenge in reducing the dimensions of capacitor components. Therefore, there has been an extensive investigation in perovskite ABO 3 materials which possess high dielectric constant such as Ba 1-x Sr x TiO 3 . Barium strontium titanate (Ba 1-x Sr x TiO 3 , BST) as a ferroelectric material with perovskite structure has attracted considerable attention form the environment friendly industries because of its outstanding properties such as adjustable phase transition temperature, high dielectric constant, low dielectric loss and adjustable curie temperature [1] [2] [3] [4] .
Recently, BST as a thin film has been extensively investigated for applications in Dynamic Random Access Memory (DRAM), Magnetic Core Memory (MCM) and Monolithic Microwave Integrated Circuit (MMIC), due to its desirable ferroelectric and dielectric properties such as high dielectric constant, low dielectric loss and low leakage current density [5] [6] [7] .
Ba 1-x Sr x TiO 3 powder has been prepared by various methods such as hydrothermal method [8] , oxalate coprecipitation method [9] , conventional solid state reaction method [10] , polymeric method [11] , and sol-gel method [12] . The sol-gel technique was chosen for this project due to its advantages like homogenous distribution of elements on a molecular level, low process and annealing temperature, cost effectiveness with inexpensive equipment and easy control of stoichiometry [13] [14] [15] . Though, to assure phase homogeneity, good particle size and distribution control, the sol-gel technique focused on injection is used to mix the precursor solutions. In this study, in order to control the flow rate of the precursor solutions a simple dripping system of bio-micro syringe with a diameter of 1 lm at a flow rate of 2 ml/min was implemented to add titanium (IV) iso-propoxide to the solution of barium acetate, strontium acetate and ferrous sulfate.
Lately, an effective process was used rather than controlling Ba/Sr ratio to modify the BST dielectric properties. This process is introducing dopants of earth elements into BST in order to improve its dielectric properties [16] . The perovskite structure has the common stoichiometry ABX 3 , where ''A'' and ''B'' sites are cations and ''X'' is an anion. Ba 1-x Sr x TiO 3 has Ba and Sr as A site and Ti as B site. Acceptors ions like Iron (Fe) are advantageous to replace Titanium (Ti) in B-site for the formation of single-phase structure which results in further ionization of Fe ions and leads to the appearance of vacancies and lattice defects [17] .
In this research work, the structure, morphology, particle size and dielectric properties of BSTF with different Fe contents, calcined and sintered at different temperatures were investigated.
Experimental procedure
The BSTF nano powders were obtained using the slow rate injection sol-gel technique. The precursor materials used to synthesize BSTF were: barium acetate (99 %, Aldrich-24367), strontium acetate (99.995 %, Aldrich-437883), titanium (IV) iso-propoxide (97 %, Aldrich-205273) and ferrous sulfate (99 %, Sigma-Aldrich). Barium acetate and strontium acetate were dissolved separately in acetic acid (Glacial 100 %), and ferrous sulfate was dissolved in deionized water. The barium and strontium solutions were mixed together and ferrous sulfate solution was added. In an attempt to obtain the precursor solution titanium (IV) iso-propoxide was added slowly by bio-micro syringe with a diameter of 1 lm at a flow rate of 2 ml/min to the solution of barium acetate, strontium acetate and ferrous sulfate. Subsequently ethylene glycol ethyl was dripped. The final solution was stirred at 450 rpm for 10 min at 70°C. The whole process took around 30 min to form the gel.
The as-prepared BSTF gels were dried in air for 24 h. Consequently, the as-dried gels were calcined in a Carbolite muffle furnace at 600, 800 and 1000°C at a rate of 5°C/min and a holding time of 3 h then ground into powder form using agate mortar and pestle.
The as-prepared nano powders were subjected to phase analysis using X-ray diffraction analysis (XRD) (Philips PW 3040) with Cu Ka radiation, k = 1.5406 Å over the 20°-80°, 2h range. Scherrer's formula was used to calculate the crystallite size. The surface morphology and particle size of the calcined BSTF nano powders were investigated using transmission electron microscopy (TEM) (Philips HMG 400). The samples were prepared by sonication of the calcined powders for 10 min at 50 Hz. Successively, the prepared samples were dripped onto 300 mesh Formvar grid and were tested by TEM. With the assistance of Soft Imaging System (SIS) iTEM software which attached to TEM, the average particle size of the samples was measured.
The dielectric properties of the BSTF sintered pellets were measured at room temperature as a function of frequency in the range of 10 Hz to 1 MHz using impedance analyzer (HP 4192A LF). The pellets of BSTF with an average thickness of 1.5 mm were prepared by a stainless steel die measuring 13 mm in diameter. The prepared pellets were sintered at 1100 and 1200°C at a rate of 5°C/ min and a holding time of 3 h, so as to reduce the intergranular resistance and to increase the strength.
3 Results and discussion 3.1 Structure analysis Figure 1 shows the X-ray diffraction (XRD) patterns of (Ba 0.5 Sr 0.5 Ti 1-y Fe y O 3 ) powders calcined at 800°C with y = 0.0, 0.01, 0.05, and 0.1 respectively. The XRD patterns revealed that all the as-prepared powders were essentially polycrystalline in nature for all compositions with (101) peak as the dominant peak. From Fig. 1 it was found that with increasing Fe content, the diffraction peaks of BSTF shifted towards larger angles, indicating a decrease in the lattice constant. This shows that Fe 3? ions compact the lattice accordingly. The crystal size was calculated using Scherrer's formula given by the following equation D = (0.9k/B cosh B ) where D is the crystal size, k the x-ray wavelength, B the halfwide full maximum in radians, and h B the Bragg diffraction angle. The calculated crystallite size for doped Ba 0.5 Sr 0.5 TiO 3 deceased from 21 to 14 nm when the Fe concentration was increased from 0.01 to 1 mol%. Table 1 shows the crystallite size for BSTF with different doping concentrations calcined at 800°C.
From XRD analysis it was concluded that all the samples were crystallized in perovskite structure. The doping mechanism affected the structure of BST by shifting the peak position towards large angles. With a lower calcination temperature and a higher doping concentration the crystallite size was reduced. Table 2 shows the average particle size of Ba 0.5 Sr 0.5 Ti 1-y Fe y O 3 with different doping levels and calcination temperatures.
Morphology analysis
To conclude the morphology analysis of BST and BSTF nano powders, the particles were with irregular shape and more agglomerated with an increase in the calcination temperature. Increasing the calcination temperature increased the average particle size. An increasing in dopant content decreased the average particle size. followed by sintering at 1100 and 1200°C measured at room temperature with frequency range from 10 Hz to 1 MHz using impedance analyzer. The highest dielectric constant was obtained at a calcination temperature of 800°C and at a sintering temperature of 1200°C. Increasing in the frequency led to a decrease in Ba 0.5 Sr 0.5 TiO 3 dielectric constant value. Likewise, the dielectric loss for Ba 0.5 Sr 0.5 TiO 3 decreased with an increase in the frequency. The lowest dielectric loss was obtained at a calcination temperature of 800°C and a sintering temperature of 1200°C. [18, 19] in terms of dielectric constant and better in terms of dielectric loss.
Dielectric characteristics
From BSTF dielectric measurements it was concluded that, the results showed an abrupt decrease in the dielectric constant and dielectric loss with an increase in the frequency. The decrease in the dielectric constant and dielectric loss with an increase in the frequency is a normal dielectric behavior of spinel ferrites. This decrease occurs in BSTF samples due to the electric dipole response which decreases at higher frequency and takes time for realignment, thus results in a delay in following the electric field changes. In other words, it occurs due to the presence of a lagging of the dipoles in the material. The dielectric constant increased with increasing sintering temperature and decreased with increasing calcination temperature. Whereas, the dielectric loss increased with increasing calcination temperature and decreased with increasing sintering temperature. The increase in the dielectric constant with an increase in the sintering temperature is attributed to two phenomena. Firstly, the oxygen vacancies are generated at high sintering temperature as a result of the loss of oxygen. Secondly, the structural and microstructural factors could contribute in increasing dielectric constant, during the creation of the space charge polarization throughout applying the electric field resulting in increasing the dielectric constant by building up charges at the insulating grain boundary. Subsequently, the number of Fe 2? ions increased resulting in increasing the space charge polarization. This phenomenon happens once electrons transfer between Fe 3? and Fe 2? ions which results in increasing dielectric constant with increasing sintering temperature. The dielectric proprieties improved by increasing Fe concentration up to 1 mol% due to the growth of grain size, while increasing Fe concentration above 1 mol% would limit the growth of grain size, therefore lowering the dielectric constant.
Conclusion
In summary, slow rate injection sol-gel technique was carried out as an effective method to combine B-site of ABO 3 doping with Fe for better dielectric properties. The BSTF was well distributed, and after heat treatment process the perovskite structure could be maintained. The results showed the achievement of improved dielectric properties of doped BST as compared to undoped BST. With the consideration of the trade-off between dielectric constant and dielectric loss, the optimal doping content of Fe is 1 mol% at a calcined temperature of 800°C and a sintering temperature of 1200°C. The obtained results propose that Fe doped BST is a suitable dielectric material for DRAM cell applications.
